Abstract-Ultrasonic vibration of a plate can be used to modulate the friction of a finger pad sliding on a surface. This modulation can modify the user perception of the touched object and induce the perception of textured materials. In the current paper, an elastic model of finger print ridges is developed. A friction reduction phenomenon based on nonCoulombic friction is evaluated based on this model. Then, a comparison with experimental data is carried out to assess the validity of the proposed model and analysis.
I. INTRODUCTION
Current touch based user interfaces lack natural or at least credible haptic feedback, for example, when interacting with a virtual keyboard, which was one of the main issues during the initial commercialization of smartphones. Haptic interaction is still limited to the vibration of the whole device, but is ineffective in recreating the sensation expected from an image on the screen. Few approaches have shown a realistic potential for coupling with the flat capacitive position sensing displays that are employed in consumer devices. One involves the use of a lateral vibrating surface to simulate the vibrotaction signal of the fingertip induced by sliding over a real texture [1] . Another is based on the modulation of the friction between a sliding finger and the active surface. The possibility of tracking the position of a finger led to the generation of a spatio-temporal relationship that is useful for simulating texture [2] . Stimulating the whole fingertip area in the same manner led to the classification of this approach as global stimulation. Electrovibration and ultrasonic vibration are the two leading technologies for coupling with capacitive touch screens. The former is based on the polarization of the finger pad with a high voltage supplied plate covered with an insulator [3] - [5] , the resulting attractive force results in an increased friction while interacting with the display. The latter involves out-of-plane ultrasonic vibration to attenuate the friction between the contacting finger pad and the display. The generation of a squeeze film effect between a vibrating plate and the finger pad was the first mechanistic interpretation [6] , [7] . It relied on a simplified model of the interaction between two smooth rigid surfaces because of the enormous complexity of a real finger pad-display interaction e.g. the large range of Knudsen numbers involved and the viscoelastic deformation of a finger pad. There is evidence that squeeze flow is an important contributory factor [8] , modeled by Biet et al. [9] , but an analysis of the mechanical and tribological interactions between a finger pad and an ultrasonic vibrating plate has never been performed. This is essential because the coefficients of friction associated with such devices can be > 0.1, which is greater than that which would be expected by an effective acoustic levitation mechanism (< 0.01); intermittent finger pad contacts have been confirmed recently [10] . The aim of the current work is to introduce a first order mechanical model of the finger pad that is applicable to the ultrasonic domain. It is clear that the model is not complete, especially it neglects inertia and viscosity of the fingerprints. Nevertheless it can help to establish key principles to be further extended. Firstly, the mechanical interplay between the proposed model with a lateral vibrating ultrasonic plate is evaluated and a psychophysical assessment is proposed to assess the relevance of the approach. Secondly, the interaction with a normal ultrasonic vibrating plate is analyzed and the reduction of the friction with a smooth surface is estimated.
II. FINGER PAD TRIBOLOGY
Provided that a finger pad is sufficiently moist, particularly due to occlusion of moisture secreted from the sweat pores in the finger print ridges when in contact with a smooth impermeable surface such as glass, the friction may be described by stochastic molecular theories that have been developed for elastomers [11] . Friction arises from the intermittent extension and rupture of molecular junctions at the sliding interface, which involves dangling macromolecular chains; such bonds are continually pinning and depinning due to thermal activation. A characteristic of elastomers is that they exhibit aging such that the adhesion to a rigid substrate increases with the dwell time. This arises because molecular rearrangements occur at the interface and the associated relaxation times are coupled to those for pinning. Thus disruption of the pinning process will result in a reduction of the friction. Frictional aging for finger pads is an extreme example that occurs over tens of seconds due to the plasticization of the asperities on the finger pad ridges by the secreted moisture, which results in an increase in the contact area [12] . It is reasonable to suppose that this is accompanied by aging associated with the formation of molecular bonds.
III. LATERAL ULTRASONIC VIBRATIONS

A. Introduction
In this section, the influence of lateral vibration on a finger pad under a small tangential load, which is less than that required for slip, is considered. It is proposed that the friction is reduced by micro-slip due to the disruption of the molecular bond network. Such slip requires the elastic retractive force induced in the finger pad by the periodic displacement to be greater than the frictional force. It is probable that, at low vibrational frequencies, this displacement will be completely accommodated by the gross deformation of the finger pad. However, the finger pad is viscoelastic so that the stiffness increases with frequency [13] ; at sufficiently high frequencies it will be assumed that (a) the response is entirely elastic and (b) the finger pad is sufficiently rigid that the deformation is localized to the finger print ridges.
B. Bed of springs approximation
The elastic response of a finger pad will be modelled as a bed of springs as shown schematically in Fig. 1 . Different models have been proposed based on a combination of springs or springs and damper [14] , but no one focused on the behavior of the fingertip in the ultrasonic domain. The springs may be treated as finger print ridges for current purposes. The normal stiffness, ! , is defined by:
where ! is the Young modulus of the stratum corneum, is the contact area between the plate and the ridges and ℎ ! is the undeformed height of the ridges. The tangential stiffness, ! , is defined by:
where ! is the shear modulus and ν is the Poisson modulus of the ridges. The dependence of on the normal force, ! , is assumed to be:
where is equal to 138.1 mm ! /N ! ! (this value is the result of a best fit to the experimental data reported in [15] ). The other parameters considered in the analysis are given in table 1. Thus, the value of ! could be calculated from (2) using that of obtained from (3).
C. Modelling slip
The criteria for stick and slip are given by the following expressions:
where Δx !"# is the maximum displacement of the springs induced by the lateral vibrating plate, ! is the static coefficient of friction and ! is the applied normal force across the bed of springs. If the slip condition is satisfied, there is relative displacement when ! Δ > ! ! until the relative velocity between the finger pad and the plate is zero, = 0, Fig. 2 . In the represented case, ! is 1, the dynamic coefficient of friction ! is 0.7, and the applied normal force is 0.5 N. The calculation ignores the offset tangential preload force, which could not be measured in the current work. If it is greater than the force induced by the periodic displacement, then no slip will occur in the direction of the offset force and slip will be enhanced in the other direction, so that the model will correspond to a lower bound solution. In Fig 2, the case for an ultrasonic harmonic vibration of 20 kHz of 5 µμm for an applied force of 0.5 N is represented. the plate, V is the normalized speed of the plate and ! is the lateral force experienced by the finger. In the gray shaded area, the relative motion between the ridges and the plate is zero. In the green crossed area the finger is sliding on the plate. A glide threshold is defined as the minimum amplitude of vibration necessary to induce a transition from stick to slip as represented in Fig. 2 :
where Δx ! is the critical threshold displacement. The contact area between the finger pad and the plate is dependent on the applied normal force (3) and this dependence influences the value of ! (2). It is possible to compute the dependence of the threshold displacement on the applied normal force by solving (4) for small time steps to calculate the associated lateral displacements, , with the limit defined by (5) as shown in Fig. 3a . 
D. Psychophysical validation 1) Experimental setup
In order to validate the model, it is necessary to evaluate the induced tactile response of a lateral vibrating plate. A Langevin actuator (FBL28302SSF-FC, Fuji Ceramics Corporation, Japan) was employed with a closed-loop vibration amplitude stabilization system to ensure the stability of the vibration amplitude during the experiment. The employed actuator has a resonance frequency of 27.83 kHz at ambient temperature. The control of the piezoelectric actuator was implemented with piezoceramic sensor glued on the body. A DSP (EZDSPF2812, Texas Instrument, USA) was programmed do obtain the desired behavior of the device. The actuator has two parallel surfaces at the top of the device (2x1.4 cm ! ) on both sides for making contact with the finger pad, Fig 3b. 2) Methododolgy and results Four participants (male, age between 26 and 41) were asked to describe their tactile perception while holding the actuator as in Fig. 3b for vibrational amplitudes of 0, 2 and 4 µm after imposing a small tangential force on the vibrator that was insufficient to induce gross slip. All participants gave their informed consent to perform the experiment. They were equipped with a headset to cancel the influence of environmental noise and they were asked to close their eyes during the experiments. The frequency of the stimulation was the resonance of the actuator at 27.83 kHz. The amplitudes of vibration were changed randomly and the participants reported their corresponding tactile evaluation. None of the participants could identify a difference between the 2 µm amplitude and the static condition. However, all reported a sensation of slip for an amplitude of 4 µm with comments such as "it felt more slippy." This amplitude corresponds to the glide threshold for an applied normal force of about 0.4 N, which is typical of the values used in touch [15] .
IV. NORMAL VIBRATIONS
A. Introduction
In this section, the interaction of the proposed model with a normal vibrating plate is proposed, and the friction reduction arising from the interaction with a smooth surface is estimated. It has been shown that an ultrasonic vibrating plate in the normal direction can induce intermittent contact with a finger pad for vibrational amplitudes of a few micrometres [10] . This attach/detach phenomenon could lead to a friction reduction during the sliding motion of the finger due to the influence on the interfacial molecular bonding interactions in addition to the development of a gaseous squeeze film. Here, the loading/unloading cycle of a finger pad again will be represented by a bed of equivalent elastic springs to investigate the mechanism in more detail. A key factor is that the detachment will lead to rupture of the interfacial bonds and thus finite time is required for repinning. It is assumed that the viscoelastic retardation time of the finger pad is infinitely long during the unloading cycle of an out-of-plane imposed vibration compared to the reciprocal frequency of the vibration. The finger print ridges are much stiffer than the finger pad and also it is assumed that they will behave elastically during unloading.
B. Bed of springs model
Following a compression cycle of a continuous out-of-plane vibration, the springs will unload and detachment will require the vibration amplitude to be greater than the unloaded length of the spring. The critical amplitude to induce detachment, ! , is given by the following expression for the current model:
where Δz ! is the compression induced by the normal load and ! was calculated from (1). The dependence of the necessary vibrational amplitude to induce detachment of the fingertip as a function of the applied force in the range relevant to touch is reported in Fig 4. The analysis is valid for frequencies greater than 20 kHz. 
C. Non-Coulombic friction
In the previous section, it was shown that detachment was possible for a range of normal vibrational amplitudes that are compatible with those commonly employed in ultrasonic devices. Assuming that there is not frictional aging, then it is possible to calculate the minimum effect on the periodic frictional force by taking account of the fact that the coefficient of friction decreases with increasing normal force for smooth surfaces [12] ; this analysis is relevant for the possible application of the principle to the screen of smartphone and tablets. Finally, a comparison with experimental data will be made to examine the significance of the phenomenon. At equilibrium, the integral of the imposed force from the the bed of springs must be equal to the total reaction force of the plate over a vibration cycle:
where !"#$ is the normal reaction force of the plate in contact with the springs and is the vibrational period of the plate. The vibration of the plate is described by sin (2 ), where is the vibrational amplitude and is the frequency. In this case, the frequency is 20 kHz leading to a period of 50 µs. With this relationship it is possible to compute the instantaneous compressive force, !"#$ , of the springs induced by the vibrating plate; the case shown in Fig. 5 is for an applied normal force of 0.5 N. The corresponding frictional force, ! !"#$ , is plotted in Fig. 6 . It may be seen that the contact is frictionless for an increasing proportion of the unloading cycle as the amplitude of vibration increases. The radial contact pressure profile for a finger pad in contact with a smooth flat plate is not uniform as assumed above but can be approximated by the Hertzian function:
where is the radius of contact and is the radial coordinate with an origin at the center of contact. From a knowledge of , it is possible to integrate the reaction force across the contact over the cycle period and hence compute the mean normal force as a function of time. The frictional force can then be calculated from the following integral:
where ! is a function of the normal force as given in Fig. 7 . Fig. 8 shows that the calculated value of the relative 
D. Experimental comparison
It was possible to compare the simulated friction reduction recovered by this method with experimental data taken from [16] to highlight the compatibility of the effect with the general results observed for ultrasonic devices. In that work, the friction reduction induced by the normal ultrasonic vibrating device has been measured with a tribometer for different index fingers and for different loads applied. Fig. 9 shows a comparison of the reduction in the coefficient of friction measured for three fingers with an applied normal force of 0.35 N for different vibrational amplitudes. The model predicts the trend of decreasing friction with increasing amplitude as observed experimentally, even though the starting slope is mismatched. This phenomenon is due to the full elastic implementation of the simulation, the lack of a viscoelastic term leads to a poor simulation for small amplitude of vibration. It may be noticed that this approach, at the contrary of the squeeze film hypothesis, leads to a finite value of friction modulation without predicting full finger levitation. experimental results taken from [16] for normal vibration; the considered frequency was 25 kHz.
V. DISCUSSION
The proposed elastic model is a considerable simplification of the real system, but nevertheless can explain part of the behavior of a finger pad sliding over an ultrasonic vibrating plate. The reduction in friction has been used for the creation of different tactile stimulators [17] , [18] , but the underlying mechanisms are still unresolved. The squeeze film effect has been shown to be a contributory factor [10] but the behavior of the friction modulation is not in complete agreement with the analysis proposed in [6] , which suggests that there are other concomitant contributions. The currently proposed elastic model of the fingerprint ridges is consistent with a psychophysical assessment of the influence of lateral ultrasonic vibrations. In particular, it is clear that ultrasonic perturbation frequencies are essential to induce a sufficiently stiff response of the finger pad and also cause micro-slip in a temporal domain that is at least comparable to the times required to thermally reactivate a molecular junction.
Published values of such times are sparse but it is interesting that, for thin molecular layers in aqueous media, repinning times are ~ 200 µs [19] , which is comparable to the period (50 µs) of the vibrational frequency (20 kHz).
In the case of normal vibrations, the results of the model are consistent with the trends observed experimentally [10] . Taking account of the non-linearity of the coefficient of friction was an important factor in the model. Again, high frequencies are a prerequisite for ensuring that the gross retardation time of the finger pad is much longer than the cycle time of the vibration. While the reduction in friction calculated with the current model was based on the separation time between a finger pad and a virtual vibrating plate, ultrasonic frequencies will induce a synergistic effect of ensuring that the disrupted molecular junction network remains at least partially disrupted even during contact. This would result in a further reduction in the coefficient as well as a possible contribution from a squeeze flow effect. It is also possible that an additional effect could be attributed to a reduction in the occlusion arising from the secreted moisture from the sweat pores (deocclusion). Essentially, the intermittent loss of contact could allow some moisture to diffuse from the contact region and hence result in asperity hardening compared with a continuous intimate contact Simple models of the type described in the current work are useful in order to establish key principles for formulating models that are more complete. The non-linear viscoelastic behavior of the finger pad is particularly relevant since it controls the gross temporal response of the finger pad. In addition, it is important to consider the details of the contact mechanics because detachment involves radial crack propagation in which an annulus of failure grows from the periphery of a contact [13] . Consequently, different mechanisms may dominate across the contact region e.g. the squeeze flow mechanism may be localized at the periphery of the contact.
VI. CONCLUSIONS
A simple model of the interaction of a finger pad with a plate vibrating at ultrasonic frequencies, which is based on representing the finger print ridges as elastic springs, captures some of the critical factors that govern the performance of vibrational haptic displays. In particular, it is concluded that ultrasonic frequencies are essential for ensuring that the finger pad is sufficiently stiff to cause periodic contact separation for out-of-plane vibrations. More work is required to establish the relative contributions of this mechanism, squeeze flow and deocclusion. For both normal and lateral vibrations, it is also necessary to consider the disruption of the network of molecular junctions that are responsible for friction.
VII. ACKNOWLEDGEMENTS
